INTRODUCTION
Transsphenoidal surgery is the first-choice treatment modality for most pituitary adenomas. Because of its low invasiveness and high success rate, transsphenoidal surgery can be appropriately applied to microadenomas and also to macroadTherapeutic Strategy for Cavernous Sinus-Invading Non-Functioning Pituitary Adenomas Based on the Modified Knosp Grading System for incomplete resection, resulting in higher recurrence rate. To prevent high recurrence from residual tumors, radiotherapy or radiosurgery have been widely recommended in cases of subtotal or partial tumor removal [3] [4] [5] [6] [7] . Treatment strategies must be established early whether an intended subtotal resection (STR) is followed by adjuvant radiotherapy or a tumor is removed completely. This decision is critical due to the high propensity for recurrence in non-functioning pituitary adenomas (NFPA) involving cavernous-invading adenomas.
A grading system proposed by Knosp et al. [8] for evaluating parasellar extension of the tumor has been widely used to evaluate carvernous sinus invasion (CSI) on preoperative magnetic resonance (MR) imaging [9] [10] [11] [12] . A new modified Knosp classification proposed by Micko et al. [13] suggests the addition of grade 3A and 3B to distinguish differential outcomes of adenomas invading between the superior and inferior cavernous sinus compartments. Previously, Ceylan et al. [14] also suggested a similar classification for evaluating tumor extension within lateral and medical corridors.
The aim of this study was to validate the new classification and to identify any limitations and considerations in designing treatment strategies for patients with NFPA involving the cavernous sinus.
MATERIALS AND METHODS
We performed a retrospective analysis of 542 operative cases of NFPA that were performed in our department between January 2000 and January 2012. Symptomatic patients with NFPA underwent surgery, although those with large mass incidentally found on MRI also underwent surgery. Patients with insufficient data, [loss of medical record, loss of MRI or poor image quality (n=42), follow-up less than a year (n=204), and, those initially treated at another institution (n=21)] were excluded. A total of 275 patients were enrolled in this study.
For all patients, postoperative CT scans were taken the day after surgery in order to detect hemorrhagic complications, and postoperative MRI was obtained at 6 months. All preand post-operative images were retrospectively reviewed. Extent of resection was categorized as 1) gross total resection (GTR) (no residual enhancing mass on post-operative MR image), 2) near total resection (suspicious residual enhancing mass on post-operative MR image, or residual mass less than 10% of the initial size), and 3) sub-total resection (significant residual mass more than 10% of initial size). Regrowth of a remnant tumor was regarded as a recurrence because usually most recurrent pituitary tumors originate from remnant tumors. The study protocol was reviewed and approved by the Institutional Review Board of Samsung Medical Center (SMC 2016-04-163), and adhered to the recommendations of the Declaration of Helsinki for biomedical research involving human subjects (1975) .
Assessment of invasion into the cavernous sinus
Cavernous sinus invasion was evaluated by the new Knosp classification [13] . The Knosp grading system includes five categories: 1) grade 0, no invasion with all of the lesion medial to the cavernous carotid artery; 2) grade 1, invasion extending to, but not past, the medial aspect of the cavernous carotid artery; 3) grade 2, invasion extending to, but not past, the lateral aspect of the cavernous carotid artery; 4) grade 3, invasion past the lateral aspect of the cavernous carotid artery, but not completely filling the cavernous sinus; and 5) grade 4, tumor completely filling the cavernous sinus both medial and lateral to the cavernous carotid artery [10] . The new Knosp classification subdivides grade 3 into grade 3A (superior cavernous sinus compartment) and grade 3B (inferior cavernous sinus compartment) [13] . All images were evaluated by consensus in a blinded fashion by three different board-certified radiologists and neurosurgeons (ST Kim, DS Kong & MH Lee). In this study, grade 0, 1, and 2 cavernous invading adenomas were regarded as low-grade cavernous invading adenomas. grade 3 and 4 adenomas were classified as high-grade cavernous invading adenomas.
Extent of resection
GTR refers to no residual mass (100% volumetric resection) determined radiographically on postoperative MR imaging. Near-total resection (NTR) indicates >90% volumetric resection while STR indicates <90% volumetric resection.
Technique of adjuvant radiotherapy
Adjuvant radiotherapy was considered within 6 months of surgery. Sixteen patients were treated with adjuvant radiotherapy. Ten patients received conventional radiotherapy with a daily fraction of 2 Gy. The median total dose was 54 Gy (range, 50-60 Gy). Six patients underwent stereotactic radiosurgery (SRS) with single section. The median marginal dose was 14 Gy/50% (range, 13-22 Gy).
Statistical analysis
Cohort summary data were presented using median (range) and number (%), where appropriate. Categorical characteristics were compared using the chi-square test or Fisher's exact test. Progression-free survival (PFS) was compared using a logrank test. The inter-observer reliability analysis of the new Knosp classification was performed using weighted kappa. Inter-observer reliability for the new Knosp classification ranged from 0.820 to 0.905. The level of agreement was near perfect [15] . p-values were considered significant at the level of 0.05. Bonferroni's correction was used for p-values and confidence intervals of weighted κ. Statistical analyses were carried out using commercial software (SPSS, version 20; IBM, Armonk, NY, USA).
RESULTS

Patient and tumor characteristics
A retrospective analysis of 275 cases of NFPA that were performed in our department was conducted. The median age was 50 years (15-79 years). There were 145 males and 130 females. Median follow-up duration was 4 years (range, 1-12.5 years). The presenting signs and symptoms were visual symptoms in 144 patients (52.3%) and headache in 90 patients (32.7%). Thirty-seven patients (13.4%) were diagnosed incidentally. The median tumor size was 28 mm (range: 9.3-90.1 mm). Eighty-one tumors (29.4%) extended to the supra-sellar region and reached the 3rd ventricle, ten tumors (3.6%) extended to the infra-sellar region with invasion of the sellar turcica. According to the new Knosp classification, grade 0 was reported in 23 patients (8.4%), grade 1 in 103 patients (37.4%), grade 2 in 83 patients (30.0%), grade 3A in 40 patients (14.5%), grade 3B in 9 patients (3.2%), and grade 4 in 17 patients (6.1%) ( Table 1) . In this series, there was cerebrospinal fluid leakage in one patient. Four patients had intracranial hemorrhage. Of these, three patients recovered without any neurologic deficits after re-operation, but one patient progressed to a vegetative state. Postoperative intracranial infection was found in two patients, of whom one patient expired due to severe ventriculitis.
Tumor resection according to the new Knosp classification system
Related to extent of tumor removal, GTR was obtained in 184 patients (66.9%), NTR was obtained in 45 patients (16.3%), and STR was obtained in 46 patients (16.7%) of a total 275 patients. Surgical outcomes are given in Table 2 . There were statistically significant differences between the extent of resection and the new Knosp classification (Fisher's exact test with Monte Carlo method, p<0.001). According to the new Knosp classification, cohorts were categorized as low grade (grade 1 and 2) and high grade (grade 3A, 3B, and 4). There were differences in surgical outcomes between the low-and high-grade groups (chi-square test, p<0.001). Comparing extent of resection between tumors of grade 3A and grade 3B, the GTR rate was 50% in grade 3A and 44.4% in grade 3B, but there was no statistically significant difference (chi-square test, p=0.508).
Tumor progression
PFS was 80% at 5 years and 60% at 10 years for the entire cohort of cases. A total of 169 of 184 patients (91.8%) who underwent GTR had no evidence of residual lesions on postoperative imaging. However, 15 patients (8.1%) experienced recurrence during the follow-up period. Of 45 patients who 
DISCUSSION
Extent of resection and cavernous sinus invasion
This study is a retrospective analysis of a larger cohort of patients with long-term follow-up after surgery for NFPA. To decrease recurrence rate, surgeon makes a strong endeavor to underwent NTR, 4 patients went on to be treated with radiation as an adjuvant therapy and none of the tumors recurred. However, 12 of 41 other patients (29.2%) who did not receive adjuvant treatment experienced recurrence. During the follow-up period, the other 29 patients (70.8%) experienced no recurrence without receiving adjuvant therapy. Of the 46 patients who underwent STR, 12 patients received radiotherapy as an adjuvant treatment, one of whom had recurrence (8.3%). A total of 18 of 34 other patients (52.9%) who did not receive adjuvant treatment experienced recurrence. There were no recurrences in the remaining 16 patients (47.1%) without adjuvant therapy during the follow-up period. The overall median survival time was not reached in grades 0, 1, and 4 of the new Knosp classification. Median survival time was 1.6 years in grade 2, 1.3 years in grade 3A, and 0.4 years in grade 3B. In terms of median survival, there was a statistically significant difference between the groups (log-rank test, p=0.042) (Fig. 1) .
Surgical resection in high-grade cavernous invading tumors
In a comparison of the grade 3A group vs. grade 3B and grade 4 groups, GTR or NTR rate was higher in grade 3A than in grades 3B and 4 (grade 3A: 30 cases, 75% vs. grade 3B and grade 4: 6 cases, 23%). There was a statistically significant difference between the groups (chi-square test, p<0.001). Although the GTR or NTR rates were higher in grade 3A, survival analysis showed no difference between the two groups (log-rank test, p=0.493). In a comparison of grade 3A and grade 3B only, the GTR or NTR rate was higher in grade 3A than in grade 3B (grade 3A: 30 cases, 75% vs. grade 3B, 5 cases, 55.5%). However, there was no significant difference (Fisher's exact test, p=0.220; log-rank test, p=0.285). In the 66 patients of the high-grade group, 25 patients (37.8%) received GTR and 11 patients (16.6%) received NTR. STR was performed in 30 patients (45.4%), and 10 patients underwent STR with radiation therapy (RT) or SRS.
Recurrence rates in patients who underwent GTR or NTR were compared to the recurrence rate of patients who underwent STR with adjuvant RT. Of 36 patients who received GTR or NTR in the high-grade group, nine patients experienced recurrence (25%). Of 10 patients who underwent STR with adjuvant RT, only one patient experienced recurrence (10%). In the high-grade group, there was no difference in recurrence between patients who underwent GTR or NTR only and those who underwent STR with adjuvant RT (log-rank test, p-value=0.515) (Fig. 2) . These data indicate that adjuvant RT is as effective as receiving only GTR or NTR for patients who undergo STR. resect tumor gross totally. However, GTR is difficult to achieve with cavernous sinus invasion, as safe complete resection lateral to the carotid artery remains nearly impossible. Radical dissection of low-grade invading tumors can be safely achieved with low morbidity, whereas high-grade tumors are high risk when pursued aggressively [10] . In a previous study, the extent of tumor resection varies significantly based on Knosp classification. Ceylan et al. [16] and Zhao et al. [11] reported only 65% and 62% of GTR rate from high CSI cases, respectively (Knosp grade 3, 4) . Considering the new classification system, the GTR rate might be higher in grade 3A than grade 3B. However, there was no significant difference between grades 3A and 3B in the present study. Using conventional microscopic transsphenoidal surgery, a surgeon would not aggressively remove the mass over the cavernous sinus. Microscopic cavernous sinus invasion was difficult to identify due to limited visualization. Tumors extending beyond the sella and invading the cavernous sinus were not considered cured by microscopic transsphenoidal surgery alone [17] . Thus, preoperative prediction for the feasibility of GTR through MR imaging is essential for cavernous-invading adenomas. The recent introduction of endoscopes into trans-sphenoidal surgery, combined with new extended and expanded approaches, has prompted skull base surgeons to reconsider the classic limitations of trans-sphenoidal approaches [18] . Angled endoscopes allow a more panoramic and tailored view of the surgical field. Woodworth et al. [10] described that high-grade (Knosp classification 3 or 4) cases that extend in a medial to lateral trajectory can be removed by endoscopic techniques. Ceylan et al. [16] also reported that more challenging cavernous sinus invasive tumors, such as grade 3A, can be removed by GTR with an endoscopic approach.
Role of adjuvant radiation therapy
Radiotherapy and radiosurgery have been helpful in preventing recurrence from residual NFPA [19, 20] . In previous studies, patients who underwent surgery alone had a 48 to 94% 5-yr PFS and a 14 to 56% 10-yr PFS [3, 6, [20] [21] [22] [23] [24] [25] . For patients who received adjuvant RT, 5-yr PFS was reported to range from 93 to 97% [3] [4] [5] 7, 24, 26, 27] . Previous studies recommended adjuvant SRS in patients with NFPA if postoperative follow-up MR images showed tumor recurrence or residual regrowth [11, 26, 27] .
This study compared the clinical outcomes of patients who underwent GTR or NTR only and those who underwent STR with adjuvant RT for high-grade cavernous invading adenomas (Fig. 3) . In the high-grade Knosp classification group (grade 3A, 3B, and 4), the two treatment modalities had no differences in outcome (GTR or NTR only vs. STR with adjuvant RT). In grade 3A patients who underwent GTR or NTR alone, 7 of the 28 patients (25.0%) eventually recurred (5-yr PFS, 88.2%; 10-yr PFS, 31.6%). This result suggests that GTR or NTR alone is not enough to control tumors in the high-grade group, even though surgeons attempt to achieve safe complete resection. Despite efforts to predict cavernous sinus invasion on pre-operative MR imaging, invasion cannot be ignored even with low-grade Knosp classification [8, 9, 12, 28, 29] . In addition, the authors suggest that adjuvant RT may be necessary in these groups although patients have already undergone GTR or NTR.
This study has some limitations because treatment modalities were entirely dependent upon the microscopic technique. Microscopic views are limited in viewing structures within the cavernous sinus. We have converted to using an endoscopic transnasal approach rather than microscopic surgery and we believe that better outcomes will be achieved in high-grade cavernous invading adenomas in the future.
Illustrative cases
Case 1
A 61-yr-old male patient visited our department presenting with headache. Pre-operative MR image shows microadenoma with cavernous sinus invasion (Knosp grade 3A). The patient received operation via transsphenoidal approach, and 2 years after the operation, the MRI showed no residual tumor. 4 years after the operation, the patient visited our institute with headache and the MRI showed recurred tumor in superomedial portion of right cavernous sinus. The patient received gamma knife radiosurgery for adjuvant treatment (Fig. 3) .
Case 2
A 44-yr-old male patient visited our department presenting with diplopia. Pre-operative MR image shows macroadenoma with cavernous sinus invasion (Knosp grade 4). The patient received operation via transsphenoidal approach and received radiation therapy for remnant tumor. 3 months after the operation, the MRI showed residual tumor in the suprasellar area and left cavernous sinus. 9 years after the operation, the patient visited our institute and the MRI showed no growth in the treated region (Fig. 4) .
In conclusion, in this study, there was a relatively high recurrence in patients within the high-grade Knosp classification group who underwent GTR or NTR alone. STR with adjuvant RT had a compatible outcome to GTR or NTR alone. In cases at high risk of surgical complications, STR with adjuvant RT can be considered as an alternative strategy for safe treatment of cavernous invading tumors. If GTR was archived on postoperative MR images, the possibility of residual tumor should be considered with close follow-up and imaging study. When recurrence or residual masses are identified, adjuvant RT can be considered for control of tumor growth.
According to the new Knosp classification, there was no statistically significant difference between grade 3A and 3B, as the present study is based on the conventional microscopic transsphenoidal surgery. Further studies with endoscopic surgery will be required to may bring about a result with a difference between grade 3A and 3B. 
